INTRODUCTION
Recently, there has been considerable interest in SiC as a semiconductor because of its unique electrical and thermal properties. SiC exhibits a wide bandgap ͑2.2 eV for ␤-SiC and 3.0 eV for 6H-SiC͒, high melting point ͑2800°C͒, high thermal conductivity, high breakdown electric field, and high saturation electron drift velocity. 1 These properties make SiC useful for applications at high temperatures, high frequencies, and for power devices.
In the past, because of growth difficulties, high quality SiC wafers were not available. However, recent breakthroughs in growth technology have made bulk 6H-SiC wafers and epilayers readily accessible. [2] [3] [4] Epilayers of 3C-SiC can be grown by chemical vapor deposition on Si 3 and 6H-SiC substrates. 4 Although SiC device technology has advanced over the last decade, etching the material still presents a technological challenge. Reactive ion etching, which was demonstrated in ͑Ref. 5͒, can be used to etch this material. However, the etch rates are rather low ͑500-2000 Å/min͒. In addition, no selectivity exists between different conductivity types and doping levels.
Previous studies have been conducted on the electrochemical dissolution of SiC. Glerria and Memming 6 characterized the charge transfer between SiC crystals and various electrolytes. Shor et al. 7 and Lauermann et al. 8 showed that SiC dissolution in HF took place through the oxidation of Si and C. Carrabba et al. 9 used photoelectrochemical etching to pattern diffraction gratings. Nuygen et al. 10 demonstrated that electropolishing of SiC leads to a surface finish comparable in quality to that of mechanical polishing. Controlled etching of 3C-SiC was performed by Shor and co-workers 7,11 using focused lasers and broad-area sources. It has also been shown that the formation of porous SiC is possible in 6H-SiC by anodization in HF. 12 Photoelectrochemical dopant-selective etch stops were exhibited on 3C-SiC epilayers. 13 In that study, the etching was done with a focused laser, which is satisfactory for localized etching but too slow for wafer-scale patterning. However, there has been no prior report of dopant-selective etching of 6H-SiC, which, as will be shown below, requires a somewhat different approach.
In the present paper, mask-defined conductivity selective etching of 6H-and 3C-SiC is demonstrated and discussed. Etching was performed using a focused laser as well as a diffuse incoherent source. It is shown that n-SiC can be etched at high dissolution rates, leaving an underlying p-SiC layer unaffected. The etching of 3C-SiC is performed in a single anodization procedure. 11 In 6H-SiC, it is accomplished by a two-step process; 14 the SiC is first selectively anodized to form a porous layer, which is subsequently removed from the substrate by thermal oxidation. The mirrorlike surface morphology and good pattern definition produced by the etching indicate that it can be utilized for device processing.
EXPERIMENT Dopant-selective etching was performed on pn junctions formed from 6H-SiC ͗0001͘ homoepitaxial layers and 3C-SiC epilayers grown on ͗100͘ p-Si. In both cases, a n-SiC layer was grown on top of p-SiC. The doping levels were 3.0ϫ10 18 and 2.2ϫ10 18 /cm 3 for the n-and p-type 6H-SiC, respectively, and ϳ1ϫ10 17 and 2ϫ10 18 /cm 3 for the n-and p-type 3C-SiC. The n-type epilayer thicknesses were 2 m Ϯ10% for the 6H-SiC and 1 mϮ5% for the 3C-SiC. Ohmic contacts ͑for potential control͒ were fabricated on the n-SiC films using Ni ͑on the 6H-SiC͒ and Al ͑on the 3C-SiC͒. Metal masks ͑Cr 1000 Å/Au 2000 Å͒ were deposited on the surface of the specimens by sputtering. The masks were patterned using photolithography followed by wet etching of the metal.
The masked samples were encapsulated in black wax to form a semiconductor electrode. They were then placed into a͒ Present address: Motorola Semiconductor Israel Ltd., Herzlia, Israel. b͒ Electronic mail: benw@tx.technion.ac.il a Teflon electrochemical cell, along with a Pt-wire counterelectrode and a saturated calomel reference electrode ͑sce͒ for voltage reference. Dilute HF ͑2.5% in H 2 O͒ was used as the electrolyte in the experiments. Two light sources were used: ͑1͒ a 200 W Hg arc lamp, filtered with a 250-400 nm bandpass filter and ͑2͒ a frequency-doubled Ar ϩ laser at 257 nm. The output from the lamp was focused to a 1 cm spot for mask-defined broad-area etching, while the laser was focused to a 3 m spot, which was scanned across an unmasked SiC surface in a direct-write format.
The anodization procedure was carried out under potentiostatic control. After the etching, the samples were removed from the cell and the metal masks were stripped from the surface. For the 6H-SiC samples, a porous layer formed during anodization. This layer was selectively removed from the substrate by oxidation followed by a HF dip. Scanning electron microscopy ͑SEM͒ and surface profilometry were utilized to examine the etched features.
BASIS FOR THE ETCH-STOP MECHANISM
Anodic etching occurs through the transfer of positive charges ͑mostly holes͒ from the semiconductor into the electrolyte. These holes can be supplied from the bulk ͑in the case of p-type material͒ or by illumination ͑in n-and p-type͒. The holes promote oxidation of the semiconductor surface, 6, 7, 9 and the oxide is subsequently dissolved by the HF present in the electrolyte. Etching can only take place in a potential range where hole transport to the surface is thermodynamically possible. These ranges are different for the two conductivity types.
For holes to be efficiently transported to the surface, the semiconductor energy bands at the interface should be approximately flat, or preferably, bent upwards. This allows diffusion and/or drift of the holes to the surface. If the bands are bent downwards sufficiently, the high electric field in the space-charge layer will drive the holes into the bulk, thus, preventing efficient hole collection at the surface.
The flatband voltages of p-type materials are usually higher than those of n-type by approximately E g /q, the band-gap voltage. 6, 15 Therefore, at potentials above the flatband voltage of n type, but significantly below that of p type, photogenerated holes are driven to the n-type surface, while the p-type surface is depleted of holes. Figure 1 shows how this effect can be utilized to selectively etch a SiC pn junction. In Fig. 1͑a͒ , the energy bands of a SiC pn junction are shown in a HF electrolyte. Following Ref. 15 , a potential, V etch is applied between the SiC and a reference electrode in the HF, such that
where V fb(n) is the flatband voltage of n-SiC in HF, and V sc(n) is the potential across the n-SiC space-charge layer. Equation ͑1͒ simply states that the applied voltage, V etch , bends the n-SiC surface bands upwards by V sc(n) . After this potential is applied, the SiC surface is illuminated ͓Fig. 1͑b͔͒, resulting in the formation of electron-hole pairs. The electrons are driven into the bulk, while the holes reach the surface and promote dissolution. Once the n-type layer is etched away, the potential, V etch , is applied across the p-type layer ͓Fig. 1͑c͔͒. However, V etch is selected to be significantly less than V fb(p) , the flatband potential of p-SiC. Therefore, the bands of the p-SiC will be bent downwards by
This will cause holes in the p-type material to be driven into the bulk. Since there is negligible hole collection at the surface ͑and anodic dissolution requires transfer of positive charge into the solution͒, the etching is effectively arrested once the p-type layer is reached. The potential range for selective etching can be inferred from the I -V characteristics of the SiC/HF interface. 6, 7, 14 The onset of photocurrents ͑etching͒ in n-type 6H-SiC occurs at VϳϪ0.2 V sce , while for p-type 6H-SiC etching currents begin at Vϭ2.0 V sce .
14 In 3C-SiC, the etching currents begin at Vϳ0.5 V sce for photoexcited n-type material and Vϳ1.4 V sce for p-SiC. 13 Thus, over the potential range of Ϫ0.2-2.0 V sce , n-type 6H-SiC can be etched, while p-type material remains inert. For 3C-SiC, this range is 0.5-1.4 V sce . It should be noted that the onset of photocurrent in n-SiC ͑both 3C and 6H͒ occurs nearly 1 V above the measured flatband voltages.
7,14 ͑This phenomenon may be associated with recombination in the space-charge layer and/or at the surface or a slow reaction rate. 7, 16 ͒ Sample I -V curves for n-and p-type 6H-SiC are shown in Figs. 2͑a͒ and 2͑b͒ , illustrating the different potentials for etching n-and p-type materials. 
ETCHING RESULTS
A plot of laser dwell time versus etch depth for a 1 m n-type 3C-SiC epilayer on a p-SiC layer is shown in Fig. 3 , where the frequency-doubled Ar ϩ laser was used as the UV source. The etching was conducted at a laser intensity of Iϳ555 W/cm 2 , and an anodic potential of Vϭ1 V sce . This potential is in the specified range for dopant-selective etching in 3C-SiC. After roughly 2 s of etching, no increase in trench depth was seen. No subsequent etching current was observed when the sample was biased at 1 V sce in the electrolyte for an additional 30 min. It is, therefore, clear that once the n-type epilayer was dissolved, the buried p-type layer acted as an etch stop. The etch rate of the n-SiC was established to be 25 nm/min.
A laser-etched feature of n-type 3C-SiC ͑on p-SiC͒ is shown in Fig. 4͑a͒ . The bottom of the trench, which is the p-type etch-stop layer, exhibits a considerably smoother morphology than the n-SiC sidewalls. A close-up image of the bottom of a trench is shown in Fig. 4͑b͒ . Some small ͑Ͻ500 Å͒ patches remained on the p-type layer.
In 3C-SiC, anodization alone results in the complete dissolution of the material; this is not the case in 6H-SiC, where a porous layer forms, which must be subsequently removed. The microstructure of porous SiC and its use for etching have been discussed in Refs. 12 and 14, but are briefly reviewed here for clarity. Figure 5 shows a crosssectional transmission electron micrograph ͑TEM͒ of a porous SiC sample anodized in 2.5% HF at a potential, Vϭ1.5 V sce and a UV intensity, Iϳ300 mW/cm 2 ͑from the Hg lamp source͒. An array of interconnected voids are observed in a single-crystal SiC matrix where the crystallinity was determined by selected-area diffraction. 12 Gravimetric measurements have determined that the porosity of this layer is 55%. By masking the SiC during the anodization, it is possible to form porous SiC selectively over the surface. The porous film can then be removed from the bulk by thermal oxidation followed by a HF dip, 14 resulting in etched features on the surface and an unetched buried p-type layer.
A masked 6H-SiC pn junction was etched on the n side at Vϭ1.3 V sce and a UV intensity of 500 mW/cm 2 for 12 min. At that point, the currents decreased almost to zero. The sample was then oxidized for 2 h at 1150°C in a steam ambient and subsequently dipped in HF to remove the porous layer. The observed depth of the trench, ϳ1.9 m ͓see Fig. 6͑a͔͒ , corresponds to the thickness of the epilayer ͑2 mϮ10%͒. Similar trench depths ͑within 2%͒ were found in other experiments conducted at different potentials ͑1.2-1.5 V sce ͒ and UV intensities ͑200-700 mW/cm 2 ͒, provided that the currents were allowed to drop to nearly zero after reaching a maximum. These results indicate that the n-type 6H-SiC was etched, while the buried p-SiC layer acted as an etch stop.
The surface morphology of the etched 6H-SiC surface that stopped at the buried p-type layer appeared mirrorlike under 400ϫ magnification. The surface roughness was found to be ϳ50-100 Å ͓Fig. 6͑b͔͒. For similar etching conditions of bulk n-type 6H-SiC, the surface roughness was found to be between 400 and 700 Å.
14 Figure 7 shows SEM micrographs of the etched surfaces. These pictures illustrate the pattern definition and smoothness of the etch-stop areas ͓Figs. 7͑a͒ and 7͑b͔͒. The edges of the pattern are somewhat tapered and exhibit more roughness than the etched surfaces ͓Fig. 7͑c͔͒. The metal masks used delaminated slightly at the edge. This effect resulted in tapered sidewalls, rather than the high aspect-ratio, vertical features that can be achieved with photoelectrochemical etching. for 12 min at Vϭ1.5 V sce and a lamp intensity of Iϭ500 mW/cm 2 . Initially, the photocurrents are low ͑ϳ1 mA/cm 2 ͒, indicating a slow etch rate. After ϳ2.2 min the currents rise to a maximum ͑ϳ36 mA/cm 2 ͒ and subsequently drop to Ͻ0.5 mA/cm 2 after 12 min. At this point, the dissolution has effectively stopped. This type of i -t curve was characteristic of all 6H-SiC pn junction anodizations performed in this study ͑over a potential range of 0.6-1.5 V sce ͒.
DISCUSSION
The photocurrents associated with the etching of a 6H-SiC pn junction ͑see Fig. 8͒ show that the relationship between etch rate and etching time is nonlinear. It is possible that the initial rise in photocurrent observed in Fig. 8 is associated with the removal of surface states during the first stages of the etching. These states may have been introduced during the mechanical polishing of the SiC surfaces. Surface states, which act as recombination centers, are known to cause less efficient carrier collection in photovoltaic systems. 16 The gradual decrease in current indicates that the etching does not stop instantaneously at a specific vertical depth, but instead slows down and approached zero asymptotically. This may be associated with one or a combination of phenomena encountered in etching a thin semiconductor layer of one dopant type on a substrate of opposite type.
In all experiments, the etching currents fell to nearly zero at an etch depth corresponding to the thickness of the epilayer. This observation shows clearly that an etch stop exists. However, it is possible that the etching does not stop exactly at the metallurgical pn junction, but is arrested somewhere in the junction depletion region. Significant upward surface band bending is required for n-SiC to exhibit anodic etching, and, in fact, the etch rates are a function of this band bending. 7 Once the pn-junction depletion region has been penetrated by the etching, the bending of the n-SiC energy bands with respect to the solution will be reduced, causing the etch rate to decrease significantly. In addition, when the thickness of the n-SiC layer becomes smaller than the absorption depth of the incident radiation ͓1/␣ϳ1000 Å at 257 nm ͑Ref. 18͔͒, the amount of holes generated in the n side of the junction will be reduced, resulting in a lower quantum efficiency. This effect will also cause etching to slow down and/or stop before the pn junction and may be particularly important when longer-wavelength illumination ͑with higher absorption depths͒ is used. Finally, in these experiments, the Ohmic contacts ͑for potential control͒ were positioned on the same surface that was etched. In this configuration, the current flows laterally across the sample. Thus, as the thickness of the n-type epilayer is reduced, the high lateral resistance can cause potential drops to occur. When the lateral potential drop is significant compared to the total applied voltage, the etching may occur nonuniformly across the surface. Such effects have been observed previously in the etching of SiC ͑Ref. 11͒ and may be occurring in the present case as well.
When a p-type etch-stop barrier is used in 3C-SiC, small patches Ͻ500 Å of n-SiC remain. The rough surface morphology inherent in the 3C-SiC etching may cause such regions to form, once the etch-stop barrier is reached. The surface roughness may be associated with the presence of defects, such as stacking faults that may cause local nonuniformities in the etch rates. When an etch-stop layer is used, it results in a smoother etched surface ͓Fig. 4͑a͔͒. A similar effect occurs in 6H-SiC, where the presence of the etch-stop barrier decreases the surface roughness from ϳ500 to ϳ50 Å.
It should be noted that at the p-SiC doping levels used ͑2ϫ10 18 /cm 3 ͒, the potential ͑during selective etching͒ is distributed over a thin space charge layer ͑ϳ30 nm͒. This results in a relatively high surface electric field driving holes into the bulk ͑Eϳ1.6ϫ10 5 V/cm͒. When a significantly lower p-type doping level is used, the electric field will be reduced for a similar potential. This lower electric field may decrease the selectivity of the etch stop, since holes absorbed very close to the surface may be able to diffuse to the interface.
At the present time, little is known about the mechanism of pore initiation and propagation in 6H-SiC. It is not yet understood why, under similar anodization conditions, a porous layer forms in 6H-SiC and not in 3C-SiC. One may, however, speculate that this phenomenon is associated with differences in bandgap, defect density, crystal face, and possibly other effects. Nevertheless, the two-step photoelectrochemical etching observed in 6H-SiC exhibits a much smoother surface morphology than the single-step etching of 3C-SiC.
CONCLUSIONS
It has been demonstrated that by controlling the anodic potential during photoelectrochemical etching, high selectivity can be achieved between different conductivity types of SiC. This selectivity can be used to precisely control etch depths by stopping at a layer of opposite conductivity type. This may be very useful for the fabrication of device structures with thin multilayers, and for electromechanical systems. To the authors' knowledge, this is the only process for which dopant selectivity can be achieved in SiC. 
